Time-resolved optical emission spectroscopic measurements of a plasma generated by irradiating a Cr target using 60 picosecond (ps) and 300 ps laser pulses is carried out to investigate the variation in the linewidth (δλ) of emission from neutrals and ions for increasing ambient pressures. Measurements ranging from 10 −6 Torr to 10 2 Torr show a distinctly different variation in the δλ of neutrals (Cr I) compared to that of singly ionized Cr (Cr II), for both irradiations. δλ increases monotonously with pressure for Cr II, but an oscillation is evident at intermediate pressures for
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Cr I. This oscillation does not depend on the laser pulse widths used. In spite of the differences in the plasma formation mechanisms, it is experimentally found that there is an optimum intermediate background pressure for which δλ of neutrals drops to a minimum. Importantly, these results underline the fact that for intermediate pressures, the usual practice of calculating the plasma number density from the δλ of neutrals needs to be judiciously done, to avoid reaching inaccurate conclusions. that this oscillation is independent of the pulse width of irradiation (at least for pulse durations ≤ 300 ps), and the material from which the plasma is generated.
II. EXPERIMENT
Laser pulses of ∼ 0.6 mJ, ∼ 60 ps (uncompressed pulse from a multipass amplifier: Odin II, Quantronix with a repetition rate of 1 kHz) and ∼ 1 mJ, ∼ 300 ps (uncompressed pulse The target is translated ∼ 300 µm after each ablation to avoid irradiation on the pit formed by previous ablation. Details of the experimental set up can be found elsewhere 25 .
III. RESULTS AND DISCUSSION
Time-resolved OES measurements were carried out from 300 nm to 550 nm at 10 The measured spectra show that the plasma plume is a mix of neutrals and ions in the earlier times of expansion for both 60 ps and 300 ps irradiaitons though their co-existence is relatively longer in the latter case. While l EI is used for the calculation of temperature via the Boltzmann plot method 27 (or via the line-ratio method 13 ), the emission line width (δλ) is used for the calculation of number density. The δλ is given by 28 :
where first term corresponds to the broadening caused by electron impact and the second term comes from the ion correction factor. ω, N e , A and N D are the electron impact parameter, number density, ion broadening parameter and number of particles in the Debye sphere respectively. Assuming that stark broadening predominantly arises from electron impact, perturbations from ions can be neglected and δλ can be approximated by 13 :
from which N e can be calculated. δλ can be measured by fitting a Lorentzian to an emission line. OES measurements were performed for various time delays (t d s) (from 25 ns to 400 ns for 60 ps irradiation and from 50 ns to 550 ns for 300 ps irradiation.) with a fixed t w = 50
ns at a spatial position where l EI is maximum. The measured variation of l EI and δλ for neutrals and ions at 10 −6 Torr as a function of t d is shown in figure 1 . It can be seen that emission from the plasma generated by 300 ps pulses persists for a longer time compared to that from the plasma generated by 60 ps irradiation. While emission intensity varies experimental results reported by Rao et.al. 15 for an integrated optical emission spectroscopy measurement of a fs laser produced zinc plasma. In that report 15 , an oscillation of line width has been explained on the basis of the variation of average temperature (T e ) and number density (n e ) with respect to pressure given by the equation
; which is an outcome of impact broadening. Therefore, to understand this observation further, T e is calculated using the Boltzmann Plot method 27,36,37 assuming local thermodynamic equilibrium (LTE).
For plasma in LTE, Boltzmann distribution gives the population of the excited state via 16, 27 :
where n nm is the population of the n th excited state, n n is the population of the lower level, g m is the statistical weight of the upper level of the transition, E m is the excitation energy, k is the Boltzmann constant and T is the temperature. Emission intensity is related to the population of the excited state by the equation 16 :
where A nm is the atomic transition probability and λ nm is the wavelength of the line emission. be much more complex if the pulse is longer. For example, in the case of 300 ps irradiation, the temperature changes from ∼ 0.7 eV to ∼ 1 eV upon increasing pressure, and the large error bar makes it difficult to draw any conclusion though T e shows an increase with pressure.
Such variations in temperature with large error bar can occur when the plasma plume slightly deviates from the LTE conditions. In addition, laser-plasma interaction changes the number density of the plume and hence reduces the number of neutrals which is important for 300
ps when compared to 60 ps, the reason for which has already been explained in the previous section.
To understand the nature of oscillation of δλ neutrals for intermediate pressures for larger T e , recall the equation 19, 38, 39 :
where the first term is the contribution to δλ from inelastic collisions (whose cross sections are denoted by σ) connecting the upper (p) and lower (q) levels with other perturbing levels (p and q ). Integration over electron velocity distribution (f e (v)) yields the rate coefficients. The second term denotes the contribution from elastic collisions wherein φ p (θ, v and φ q (θ, v) are the elastic scattering amplitudes for the target ion in the upper and lower states respectively. Integration is carried out over the scattering angle θ and dΩ is the element of the solid angle. Any changes in n e results in the modification of δλ since elastic and inelastic collisions are dependent on the n e . Changes in n e is highly probable in the current case either via laser-plasma energy coupling or via collisional excitation. More precisely, enhanced contribution to n e , if any, has to come from collisional interaction upon increase in pressure as laser-plasma energy coupling is minimal for 60 ps. Whereas n e would be relatively larger for 300 ps due to better laser-plasma energy coupling apart from collisional interactions, which is rather evident in OES measurement. Additionally, collisional interaction is enhanced with ambient pressure due to the larger temperature, leading to more frequent electron-neutral collisions than electron-ion collisions, since the collision frequency varies as T e 1/2 for the former and as T e −3/2 for the latter. Hence, it can be concluded that the line width of neutrals drops to a minimum value for an optimum pressure irrespective of the material from which the plasma is generated, provided there are instantaneous velocity changes for a large number of species interacting with the emitter due to the higher plasma temperatures.
IV. CONCLUSION
In short, plasmas generated by irradiating ∼ 0.60 mJ, ∼ 60 ps and 1 mJ, 300 ps laser pulses onto a solid Cr target is characterized using time-resolved optical emission spectroscopy. It is observed that the plasma generated by 60 ps irradiation resembles a fs LPP more than plasma generated by 300 ps irradiation, which is attributed to the interaction of the laser pulse with the plasma. Interestingly, an oscillation observed in the line width of neutrals (δλ neutrals ) for a pressure range from 0.5 Torr to 50 Torr, similar to a previous work 15 in femtosecond laser produced Zn plasma, is explained and correlated to collisional effects and changes in the instantaneous velocities of species interacting with the emitter. This is investigated experimentally by analysing the variation of temperature with respect to pressure for both irradiations. Enhanced collisions at larger plasma temperatures result in instantaneous velocity change of species interacting with emitters within the plume causing the line to broaden to its minimum value for neutrals since collisional frequency of neutrals in plasma is proportional to T
1/2
e . On the other hand collision frequency for ions is proportional to T −3/2 e and hence a monotonous increase for δλ ions is seen. Therefore the mechanisms causing oscillations for δλ neutrals would get modified due to the generation of excited species/ions via laser-plasma energy coupling and collisional interactions. The generation of more and more ions in the plume reduces the oscillatory nature of δλ neutrals , which is evident in the current experiment.The observed oscillation of δλ neutrals is found to be irrespective of pulse duration (aleast for any pulse duration ≤ 300 ps) and target materials.
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